An investigation of neutron transport phenomena through shielding materials containing natural iron is very important since thick iron (Fe) shields are often used for accelerators or fusion reactors. Considerable complexity is introduced into a deep penetration problem by the resonance structure in the Fe cross section ; Streaming through cross section minima (windows) and space-and energy-dependent self-shielding effects play an important role in the calculation.
The spatial dependence of self-shielded cross sections for Fe was studied by MacFarlane et al. upto about 50 cm penetration (1 approach in their work are that a Monte Carlo calculation required a very large computation time and that it was difficult to obtain solutions with sufficiently small statistical errors.
To improve the statistics, their results were edited with a fairly coarse energy group structure of 35 groups below 14 MeV. Despite that, statistical errors were very large above several 100 keV at 2 m penetration and no discussion was made on further penetration. Furthermore, they neither evaluated nor discussed the spatial dependence of averaged cross sections due to the neutron streaming through cross section windows, which would play an important role in a multigroup calculation for a deep penetration problem. Although experimental studies are also necessary, the intensity of current neutron source would be insufficient to measure accurately neutron spectra in such thick geometry.
In the present work, a benchmark calculation has been carried out to solve such problems by using a vectorized continuous energy Monte Carlo code MVP(3). The purposes of the present study are as follows :
(1) To obtain a reference solution with good statistics for neutron spectra and averaged cross sections at various locations through the Fe slab. (2) To compare the JENDL-3(4) and the widely used ENDF/B-IV(5) data. (3) To investigate the accuracy of multigroup method through the comparison with multigroup calculations using the JSSTDL/ J3 library(6) based on JENDL-3 which is used as a standard shielding library in Japan.
(4) To investigate the causes of differences between the calculations and to show the importance of accurate evaluation of cross section minima.
(5) To investigate how the accuracy of multigroup calculation could be improved by adopting space dependent averaged cross sections. The calculated results are edited in the standard 125 energy group structure used in fusion neutronic calculations (7) .
A fast Monte Carlo code MVP, of which the computation speed is higher by a factor of about 20 on the FACOM VP-2600 computer compared with MCNP(8), has made it possible to obtain a reliable solution for such a deep penetration problem as the present one.
II. SPECIFICATION OF BENCH-MARK PROBLEM AND CALCULATION MODEL
The benchmark problem proposed by Hendricks et al. (2) is simply an infinite slab of 3 m thick pure Fe at the room temperature (300 K), as shown in Fig. 1 . An atomic number density of Fe is 8.4769x1022 at/cm3. Mono-directional and mono-energetic 14 MeV neutrons enter perpendicularly on the one side of the infinite slab. Neutron spectra and averaged cross sections from 10-5 eV to 14 MeV were evaluated at various positions in the slab.
The infinite slab is modelled by using 
III. CROSS SECTIONS AND COMPUTER CODES
1. Continuous Energy Calculation with MVP Code Both JENDL-3 and ENDF/B-IV cross sections were used and compared. Each of these evaluated data was processed into an appropriate library for the MVP code which uses a precise physics model with continuous energy cross sections(3). All neutron interactions given in an individual evaluated nuclear data file are explicitly taken into account. In the thermal energy region, neutron scattering by Fe is treated on the basis of the free gas model. Neutron cross sections in the resolved resonance region and smooth one are pointwisely given at energy grids which are determined to reproduce cross sections within an accuracy of 0.1% by the linear-linear interpolation.
Angular distribution tables for secondary neutrons consist of 32 equiprobable cosine bins, which are given at incident energies specified in the evaluated data. A uniform distribution is assumed within each angle bin. Energy distributions of secondary neutrons from Fe are given in the table form by both JENDL-3 and ENDF/B-IV data, which are also described by 50 equiprobable energy bins for MVP calculations.
A linear distribution is assumed within each energy bin.
The validation of the MVP code and its cross section library was performed by comparison with MCNP(8). Excellent agreement is obtained between both results, as seen in Fig. 2 . However, beyond 1m depth the statistical errors of the MCNP results above several MeV are very large compared with the MVP ones though the former calculation consumed 5 times longer computation time (about 4 h) than the latter one on the FACOM VP-2600 supercomputer. Even at 1 m depth, the statistical errors (one standard deviation) of the MCNP result are greater than 50% above 2.5 MeV, while those of MVP are less than 20% upto 5MeV.
This fact shows that the high speed calculation due to vectorization is essential to obtain a reliable solution of such a very deep penetration problem for which a large computation is required to achieve good statistics.
2. Multigroup Calculation with GMVP Code Multigroup calculations were carried out by using the GMVP multigroup version of the vectorized Monte Carlo code(9) and the JSSTDL/J3-295N-104G library(6) based on JENDL-3.
The scattering anisotropy was taken into account by the P5 approximation.
The 125-group library with the standard group structure for fusion neutronics calculations was generated from JSSTDL/J3-295N-104G with 295 neutron energy groups by using the utility code for the library (6) . In addition, a calculation with the 295 groups was also carried out to clarify the effect of group structure.
These cross sections take into account the self-shielding factors for total, elastic and capture cross sections with the zero background cross sections which are prepared in the library. Despite the agreement in total flux, large differences are observed in the neutron spectra as shown in Fig. 4 . The calculated spectra at 1, 2 and 2.9 m with these two libraries are given in Tables 1, 2 and 3, respectively. A discrepancy around a 24 keV window is mainly caused by different total cross sections given in both libraries. This discrepancy is a main cause of the difference in the total flux at deeper penetration mentioned above. The spatial variation of the spectrum is small below 100 keV in both results.
On the other hand, it becomes considerably large in the 100 keV region.
As a result of streaming through narrow windows, spectral jumps appear at several energies such as 1 MeV, 700, 380 keV and so on. These jumps become larger at deeper penetration.
Some peaks which show a similar trend are also observed , typically at 220 keV in the JENDL-3 and at 140 keV in the ENDF/B-IV result. The largest Figure  6 shows the ratios of calculated spectra with these two libraries.
As can be seen in this figure, differences less than 0.5 barn at the cross section minima re- The averaged cross sections of these groups decrease with increasing depth. No significant spatial dependence is observed at the peaks of averaged cross sections. The JSSTDL/J3 cross sections agree well with the MVP result at 40~50 cm penetration, but those of the groups mentioned above become larger by a factor of two or more compared with the MVP results at deeper positions. This spatial variation is due to the fact that these groups include narrow windows with very small cross sections and the neutron spectrum varies considerably by the streaming.
At the 40-50 cm depth, the neutron spectrum becomes similar 
V. SUMMARY
A benchmark calculation for a deep penetration problem of 14 MeV neutrons through a 3 m thick Fe slab was carried out by using a vectorized continuous energy Monte Carlo code MVP with the JENDL-3 and ENDF/B-IV cross sections.
Reference solutions for space dependent neutron spectra and averaged cross sections were obtained with good statistics which were realized by a high computation speed of the MVP code. On the basis of the obtained solutions, the accuracy of multigroup method was evaluated.
From the present study, the following results were obtained :
(1) Both calculations with JENDL-3 and ENDF/B-IV predict a similar attenuation of total fluxes from thermal to 14 MeV through the slab. However, differences of one order at the maximum were observed in the calculated fluxes in the resonance energy region . These results indicate the importance of streaming through the cross section minima in a deep penetration problem. Therefore , accurate cross section measurements and evaluations are necessary to estimate accurately the deep penetration phenomena in pure materials. (2) The spatial variation of averaged cross sections was observed, especially at the energy groups including narrow windows with very small cross sections . The averaged cross sections vary by a factor of 
